Introduction
============

Light-driven water oxidation by Photosystem II evolved only once in an ancestor of the phylum Cyanobacteria. The exact timing for the origin of oxygenic photosynthesis is debated, from shortly before ([@msv024-B48]; [@msv024-B84]) to several hundred million years prior to the Great Oxygenation Event, about 2.4 billion years ago ([@msv024-B120]; [@msv024-B28]; [@msv024-B60]). Oxygenic photosynthesis involves the light-driven oxidation of water at a complex tetramanganese cluster (Mn~4~CaO~5~) within Photosystem II. In this reaction, four electrons are extracted from two water molecules, with the release of four protons into the thylakoid lumen and O~2~ as a byproduct. All cyanobacteria discovered and studied until now have descended from a common ancestor with a photosynthetic apparatus that is already highly specialized for oxygenic photosynthesis. Even the earliest diverging cyanobacteria of the genus *Gloeobacter* have a Photosystem II very similar to those of late evolving members of the phylum ([@msv024-B72]; [@msv024-B49]; [@msv024-B94]). This presupposes a period of evolutionary innovation that must have existed before the last common ancestor of the phylum Cyanobacteria, a hidden or extinct biota that turned a simpler photosynthetic reaction center into the sophisticated photosystem required for water oxidation. Although several hypotheses have been proposed to explain the origin of water oxidation and the Mn~4~CaO~5~ cluster ([@msv024-B6]; [@msv024-B24]; [@msv024-B93]; [@msv024-B90]; [@msv024-B45]), it is still unclear how an ancestral bacterium evolved the capacity to split water.

Photosystem II is a large and complex redox enzyme composed of at least 17 protein subunits and a large number of cofactors specialized in light harvesting, photoprotection, and electron and proton transfer reactions including water oxidation chemistry ([@msv024-B10]; [@msv024-B19]; [@msv024-B67]; [@msv024-B14]). The reaction center cofactors involved in charge separation and water oxidation are coordinated by a pair of homologous protein subunits, known as D1 (PsbA) and D2 (PsbD). The D1 protein provides most of the ligands to the Mn~4~CaO~5~ cluster where water oxidation occurs ([@msv024-B26]; [@msv024-B113]). The D1 and D2 proteins are also homologous to the L and M subunits of anoxygenic Type II reaction centers found in the phyla Proteobacteria and Chloroflexi. Consequently, Photosystem II and anoxygenic Type II reaction centers must have evolved from a primordial homodimeric Type II reaction center ([@msv024-B64]; [@msv024-B5]; [@msv024-B73]).

Unlike the genomes of anoxygenic phototrophic bacteria, the genomes of most cyanobacteria contain multiple genes encoding reaction center proteins. These include several *psbA* genes, some of which show significant sequence variation. The total number of *psbA* gene copies and variant forms of D1 varies from species to species. These additional copies and variant forms probably endow the bacterium with the ability to adapt to a very wide range of conditions. At least two different photoprotective mechanisms have been identified involving the additional gene copies of D1. The first mechanism is simply the stress-induced enhancement of the expression of additional copies of the *psbA* gene encoding identical D1 proteins and this presumably enhances the repair process ([@msv024-B69], [@msv024-B68]). The second mechanism entails the D1 subunit being replaced by a different form that is better adapted to the new conditions. The best known example of the second mechanism is the expression of D1 variants under high-light in which glutamate replaces glutamine at position 130 ([@msv024-B50]; [@msv024-B109]). The glutamate provides a stronger hydrogen bond (H-bond) to the pheophytin electron acceptor, Pheo~D1~, making its redox potential more positive ([@msv024-B31]; [@msv024-B106]). This provides tolerance to highlight by diminishing the formation of damaging chlorophyll triplet states and therefore decreasing photoinhibition ([@msv024-B62]; [@msv024-B17]; [@msv024-B79]; [@msv024-B104]).

In some cyanobacteria a different *psbA* gene has been shown to be transcribed under microaerobic conditions ([@msv024-B108]; [@msv024-B101]); this protein, which is commonly referred to as D1′, has approximately 85% sequence similarity to other D1 copies within the organism. Photosystem II containing the D1′ isolated from *Thermosynechococcus elongatus* BP-1 showed modifications in the proton-coupled electron transfer on specific steps of the enzyme cycle ([@msv024-B107], [@msv024-B104]). The functional significance of this under low oxygen concentrations remains to be elucidated ([@msv024-B107]) but could represent a protective adaptation for growth with an overreduced electron transfer chain.

Recently, it was pointed out that an extremely divergent form of D1 occurred in 13 of the cyanobacterial genomes sequenced at that time ([@msv024-B70]). These so-called "rogue" D1 (rD1) made a consistent group of D1 sequences, diverging early and with extensive modifications both at the Mn~4~CaO~5~ cluster and at the exchangeable quinone (Q~B~) binding site. These rD1 had about 65% sequence similarity to the conventional D1 proteins. [@msv024-B70] suggested that the rD1 variants could represent a "missing link" between anoxygenic and oxygenic Type II reaction centers. The transcription of a *psbA* gene encoding a rD1 was found to be enhanced in the N~2~-fixing *Cyanothece* sp. ATCC 51142, *Cyanothece* sp. PCC 7822 and *Chrocosphaera watsonii* WH 8501 in the night, when oxygen sensitive enzymes such as nitrogenase and the uptake hydrogenase are most active ([@msv024-B110]; [@msv024-B98]; [@msv024-B125]; [@msv024-B121]). In a recent transcriptomic analysis in *Anabaena variabilis* ATCC 29413 it was shown that heterotrophic growth (in the dark and on fructose) enhanced the transcription of a *psbA* gene encoding a rD1, both in vegetative cells and heterocysts ([@msv024-B80]). Another rD1 was studied in the chlorophyll *d-*containing cyanobacterium *Acaryochloris marina* MBIC11017, in which the gene for the rD1 was abundantly transcribed after prolonged exposure to dibromothymoquinone (DBMIB), an inhibitor of the Cytochrome *b*~6~*f* complex, although no direct evidence of its natural function was provided ([@msv024-B46]). It was suggested that rD1 in general may not be functional in water splitting and this may be to permit N~2~ fixation or other O~2~ sensitive processes to occur ([@msv024-B110]; [@msv024-B70]). This was also discussed for *A. marina* despite it being nondiazotrophic (unlike other *Acaryochloris* strains), with the suggestion that this strain might have lost the ability to fix N~2~ in recent evolutionary time ([@msv024-B46]; [@msv024-B70]).

In addition to these rD1 variants, another type of *psbA* gene was identified at that time in *Synechococcus* sp. PCC 7335 and this was suggested to be the earliest diverging D1 form with a sequence similarity of approximately 55% to any conventional D1. This was designated a "super-rogue" D1 ([@msv024-B70]). New cyanobacterial genomes have shown that these super-rogue D1 sequences are not unique to *Synechococcus* 7335, but are also present in few other strains. In a recent study, [@msv024-B29] showed that the expression of a gene encoding a super-rogue D1 was enhanced after prolonged far-red light exposure. Furthermore, the strains containing a super-rogue D1 are also capable of synthetizing chlorophylls *d* and *f* as part of that far-red light acclimation response ([@msv024-B29]).

In this article, we have analyzed the phylogeny of all D1 proteins to understand the origin and evolution of oxygenic photosynthesis. We identified at least five distinct types of D1 and their peculiar characteristics have allowed us to reconstruct a sequential evolutionary scenario for the origin of water oxidation in Photosystem II.

Results
=======

Diversity of D1 Proteins
------------------------

[Figure 1](#msv024-F1){ref-type="fig"} shows a rooted phylogenetic tree for D1 in cyanobacteria; it is complex and has some unexpected features (for a fully expanded tree see [supplementary fig. S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv024/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv024/-/DC1) online). The D1 tree does not follow conventional cyanobacterial phylogenies, in which the earliest diverging cyanobacterial species, such as *Gloeobacter violaceous* PCC 7421, *Synechococcus* sp. JA-3-3Ab and JA-2-3B′a, branch basally ([@msv024-B35]; [@msv024-B15]; [@msv024-B54]; [@msv024-B99]). This is due to the large number of the *psbA* gene duplications that has occurred; some of which appear to be very ancient whereas others appear to be more recent, as described in more detail below. In this data set we found an average of 2.83 D1 sequences per D2 sequence, where some unicellular marine cyanobacteria such as *Prochlorochoccus* and *Synechococcus* had a single copy of the gene, whereas most cyanobacterial species have three to six distinct copies of D1 ([fig. 2](#msv024-F2){ref-type="fig"}). The two species with the greatest number of D1 proteins were found to be *Leptolyngbia* sp. PCC 7375 and *Leptolyngbia* sp. Heron Island J with seven and eight distinct D1, respectively. F[ig]{.smallcaps}. 1.Rooted maximum likelihood phylogeny of D1 proteins showing the evolutionary relationships of D1 sequences. D2 sequences were used as an outgroup (inset). Branch supports are expressed as approximate likelihood ratio test aLRT probabilities. *G.k.* refers to the atypical sequence from *Gloeobacter kilaueensis* JS-1; G1, G2, G3, and, G4, refer to D1 sequences from Group 1 to Group 4. Scale bar represents 10% amino acid substitution. F[ig]{.smallcaps}. 2.Distribution of variant forms of D1 in a selected number of cyanobacteria. Gray or colored circles denote absence or presence of a gene from a particular group in the genome of that bacterium, respectively. The inner number represents the number of *psbA* genes of that group of D1. No number means that there is only a single copy of that gene. Group 0 marks the atypical sequence only found in *Gloeobacter kilaueensis* JS-1.

The phylogenetic tree shows that D1 exists in several different forms. The earliest diverging form of D1 is found only in the recently sequenced genome of *Gloeobacter kilaueensis* JS-1 ([@msv024-B94]). The genome of this organism contains six *psbA* genes encoding four different D1 primary sequences, one of which is unlike any other D1 protein found in the data set and it appears to have many ancient traits. This type of D1 lacks all of the ligands for the Mn~4~CaO~5~ cluster with the exception of E189. It is thus highly unlikely that this protein, if incorporated into a Photosystem II complex, could support water oxidation. The sequence shares 51% identity with the well-characterized D1 from *T.elongatus* (PsbA1). The C-terminus of this sequence seems to show hybrid traits between D1 and D2 (see [fig. 3](#msv024-F3){ref-type="fig"}). In particular, within the last 25 amino acids there are five positions that are strictly conserved in D2 but are not present in any other D1 sequence. In contrast, almost no sequence homology can be retrieved after the fifth transmembrane helix between any other D1 sequence and D2, although the protein folds are still relatively similar to each other. This may be taken as evidence that the very divergent D1 sequence in *G. kilaueensis* is indeed the earliest evolving D1 found within today's cyanobacterial diversity and therefore its phylogenetic position is not caused by long-branch attraction artifacts. F[ig]{.smallcaps}. 3.Sequence alignment of selected regions from a number of representative D1 and D2 sequences. (*a*) Sequence alignment showing the region from the redox tyrosines, Y~Z~ and Y~D~, to the chlorophyll ligands, P~D1~ and P~D2~. To the right of the alignment, the corresponding region in the structure of Photosystem II is shown (PDB ID: 3WU2). The amino acids that have been marked in bold in the alignment are shown as sticks in the structure. (*b*) Sequence alignment showing the acceptor side of D1 and D2 and corresponding structural region. (*c*) Sequence alignment of the C-terminus of D1 and D2 and corresponding structural region. Amino acids marked with dots show those that offer ligands to the Mn~4~CaO~5~ cluster in standard D1. *N.* 7120 denotes *Nostoc* sp. PCC 7120; *T. elon*, *Thermosynechococcus elongatus* BP-1; *G. kila*, *Gloeobacteri kilaueensis* JS-1; *C. ther*, *Chroococcidiopsis thermalis* PCC 7203; *F.* JSC-11, *Fischerella* sp. JSC-11; *C.* 51142, *Cyanothece* sp. ATCC 51142; *S.* 7002, *Synechococcus* sp. PCC 7002; *S.* 6803, *Synechocystis* sp. PCC 6803; and *S.* 7942, *Synechococcus* sp. PCC 7942.

Immediately after the D1 sequences from *G. kilaueensis* we find another early branching group of D1 sequences, designated here Group 1 (G1, purple branches in [fig. 1](#msv024-F1){ref-type="fig"}). This group is composed of eight sequences present in eight different species, one of which is the super-rogue D1 described by [@msv024-B70]. This group contains all the D1 sequences found in the gene cluster associated with the far-red light acclimation response described by [@msv024-B29]. The sequence identity in this group ranges from 55% to 63% in comparison with the PsbA1 from *T. elongatus*. These super-rD1 or Group 1 sequences represent a well-supported group of related sequences, with severe changes around the water oxidizing complex and at the acceptor side. As is the case for the early branching sequence from *G. kilaueensis*, it is very unlikely that a Photosystem II containing a Group 1 sequence could support water oxidation and oxygen evolution as seen in conventional Photosystem II. Despite Group 1 constituting just a small fraction of the total number of D1 sequences, they are present in strains from all five sections of the traditional classification ([@msv024-B86]).

Next, we observe a large monophyletic group of D1 sequences, also with divergent characteristics; here they will be designated Group 2 (G2, red lines in [fig. 1](#msv024-F1){ref-type="fig"}). In this data set, 36 out of a total 360 cyanobacterial D1 sequences belong to Group 2. These sequences correspond to the rD1 sequences described by [@msv024-B70]. Although they are less common than conventional D1 sequences, totaling 10% of the sequences, they are present in organisms from all five sections of the traditional cyanobacteria classification too ([@msv024-B86]), including the unicellular *Synechococcus* sp. JA-3-3Ab and JA-2-3B′a, some *Cyanothece* strains as well as some *Acaryochloris*, some filamentous nondifferentiating strains such as *Leptolyngbia* sp. PCC 7375 and *Halothece* sp. PCC 7418, and also a few heterocyst-forming cyanobacteria such as *Fischerella* sp. JSC-11 and *A. variabilis*. The sequences belonging to Group 2 have a sequence identity ranging from 63% to 73% when compared with the PsbA1 sequence from *T. elongatus*, and also have significant changes both at the donor and acceptor side, which should modify the normal functioning of a fully assembled Photosystem II.

The next step in the evolution sees the appearance of water oxidation activity as we know it in conventional Photosystem II, because from this point onward every sequence has all the required ligands to assemble a Mn~4~CaO~5~ cluster ([fig. 1](#msv024-F1){ref-type="fig"} orange, green and blue branches). These D1 sequences that can support conventional water oxidation are the vast majority in the data set, making a total of 87.5% of the sequences. They all cluster together in a well-supported clade, yet there are some distinct subclades. The earliest branching of these are designated here as Group 3 (G3, [fig. 1](#msv024-F1){ref-type="fig"}, orange branches). This group is composed of 39 sequences and includes some sequences that have been shown to be expressed under microaerobic conditions: such us the PsbA2 from *T. elongatus*, the PsbA0 from *Nostoc* sp. PCC 7120, and the PsbA1 from *Synechocystis* sp. PCC 6803. Therefore, it is possible that Group 3 represents an early form of D1 capable of water splitting that arose when little or no oxygen was present in the atmosphere, and thus shows optimal function under low oxygen concentrations in extant cyanobacteria. In a previous study, [@msv024-B101] suggested based on a few available D1′ sequences that these were characterized by the presence of three particular amino acid changes that are not shared with the well-known D1 form: G80, F158, and T289 changed to A80, L158, and A286 in the D1′, respectively. The sequence alignments revealed that indeed, all Group 3 sequences have these amino acids in common and, with a few specific exceptions, they are not shared with the standard D1. Remarkably, although Group 3 sequences are more like the dominant form of D1, they also share these substitutions with the early branching Group 1, and Group 2 sequences.

The latest evolving group of D1 is the well-characterized D1 form (G4, [fig. 1](#msv024-F1){ref-type="fig"}, blue lines), such as that present in the crystal structures of Photosystem II. This group will be called Group 4 and every single genome from a cyanobacterium so far sequenced has at least one Group 4 sequence ([fig. 2](#msv024-F2){ref-type="fig"}). The only exception is the symbiotic cyanobacterium *Candidatus* Atelocyanobacterium thalassa (UCYN-A), which has lost all Photosystem II genes ([@msv024-B123]). Group 4 includes all the sequences known to be expressed under high-light conditions; however, "high-light" isoforms do not make a consistent clade, instead it seems clear that they have originated multiple times after relatively recent events of gene duplications, and therefore they represent repetitive cases of convergent evolution ([supplementary fig S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv024/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv024/-/DC1) online). Within Group 4 sequences, the earliest branching D1 belonged to the genus *Gloeobacter*, followed next by the early branching *Synechococcus* sp. JA-3-3Ab and JA-2-3B′a. After these, we observe an expansion of D1 forms covering the full diversity of cyanobacteria.

Similar topologies for the phylogeny of D1 were retrieved with different phylogenetic methods ([supplementary fig. S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv024/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv024/-/DC1) online). In addition, Bayesian inference assuming heterogeneity in the substitution process across sites and over time (CAT + GTR + Γ) was performed to test for the possibility of long-branch attraction artifacts. In all cases, the divergent sequence from *G. kilaueensis* was the earliest branching, followed by Group 1 and Group 2, before the evolution of the D1 forms with conventional ligands to the Mn~4~CaO~5~ cluster. Therefore this topology seems to be robust. The results suggest that the origin of the divergent D1 forms predates the evolution of the dominant D1 proteins in Photosystem II and suggests a concise evolutionary scenario for the origin of oxygenic photosynthesis.

Characteristics of Atypical D1 Sequences
----------------------------------------

As we have seen, there are at least three types of early branching D1 proteins that seem to have evolved before the well-known forms of D1. These are: the earliest diverging form of D1 only found in *G. kilaueensis*, Group 1 sequences (super-rogue), and Group 2 sequences (rogue). These sequences together will be referred to as atypical D1 while those from Group 3 and Group 4, characterized by a complete set of ligands to the Mn~4~CaO~5~ cluster, will be referred to as standard D1. For clarity and in order to relate amino acid positions to the structural data available ([@msv024-B113]), we will refer to structurally homologous positions among the different D1 sequences using the numbering of the *T. elongatus* PsbA1 protein. The reader should be aware that numerous gaps and insertions exist among the entire diversity of D1 sequences, shifting the actual numbering for many of the individual sequences. Here, we shall describe some of the more obvious amino acid variations that seem likely to be relevant to the structure and function of the variant forms of Photosystem II that would result from the expression of these atypical D1 subunits.

### Differences around the Mn~4~CaO~5~ Cluster

The ligands to the Mn~4~CaO~5~ cluster are conserved in all standard D1 sequences (Group 3 and Group 4). In contrast, all atypical D1 sequences show multiple changes in these key groups, [figure 3](#msv024-F3){ref-type="fig"}. Indeed the rD1 protein sequences as a group was originally defined based on the lack of conservation to the ligands to the Mn~4~CaO~5~ cluster ([@msv024-B70]). In the original work, the changes in the ligands and their potential impact where described in some detail. However, the additional sequences included here make it worthwhile reiterating and reassessing these important changes. [Figure 4](#msv024-F4){ref-type="fig"} shows structural homology models of the Mn~4~CaO~5~ cluster ligands for the atypical sequences in comparison with the standard D1 ([@msv024-B113]). F[ig]{.smallcaps}. 4.Molecular models of the ligand sphere of the Mn~4~CaO~5~ cluster in the atypical D1 forms. (*a*) A model of the atypical D1 from *G. kilaueensis*, assuming that the C-terminus could fold in a D1-like manner. (*b*) A model from a Group 1 D1 and (*c*) a Group 2 D1 from *Synechococcys* sp. PCC 7335. (*d*) The water oxidizing complex of Photosystem II from *Thermosynechococcus vulcanus* at 1.9 Å resolution. Numbers in purple and red represent the numeration for Mn and O atoms respectively.

Aspartate 170 (D170), which provides a bidentate ligand bridging Mn4 and the Ca^2+^ and which is considered to be the high affinity site for Mn^2+^ binding during photoactivation ([@msv024-B23]; [@msv024-B74]), is a serine in the atypical D1 from *G. kilaueensis*. In Group 1 it is found as alanine or serine, with glutamate, a potential ligand, present in only one sequence. In the majority of Group 2 sequences it is found as glutamate, with aspartate only present in a few sequences. The change from D170 to E170 still allows for assembly of the cluster and similar rates of O~2~ evolution have been measured in site-directed mutants ([@msv024-B74]). On the other hand, mutants where D170 was mutated to either alanine or serine were unable to assemble a Mn~4~CaO~5~ cluster or evolve O~2~ ([@msv024-B23]; [@msv024-B74]). This suggest that while the most ancient forms of atypical D1 may not be able to bind a metal cluster, Group 2 D1 might still allow the assembly of a metallic cluster of some sort.

Glutamate 189 (E189), which in standard D1 provides a single ligand to Mn1, is still conserved in the anoxygenic variant from *G. kilaueensis*. In Group 1 and most Group 2 sequences E189 is found as aspartate, although there is some variation in the latter group, also N, R, Q, or A can be found in some of the sequences. In total 17 mutants have been constructed at this position in *Synechocystis* 6803 including all the changes mentioned above ([@msv024-B20]) and of those, only E189Q and E189R have been shown, surprisingly, to retain some O~2~ evolution and photoautotrophic growth. The conservative change from glutamate to aspartate unexpectedly abolished water oxidation ([@msv024-B11]; [@msv024-B13]).

Histidine 332 (H332), a ligand to Mn1 in all standard D1 is found as methionine in the sequence from *G. kilaueensis*, it is also absent in all Group 1 sequences with changes to Q, G, R, S, and D. In contrast, Group 2 sequences also have a histidine in this position, with only two exceptions out of 36 sequences, where a tyrosine and asparagine are found instead. Most mutations at this position inhibit photoautotrophic growth with the exceptions of H332Q and H332S, where only 10--15% of the wild-type O~2~ evolution rate was measured ([@msv024-B75]; [@msv024-B12]). Given the amino acid differences described above, it is unlikely that the atypical D1 from *G. kilaueensis* and from Group 1 can bind a Mn cluster that resembles that in the standard protein.

Glutamate 333 (E333), a bidentate ligand that bridges Mn4 and Mn3 in standard D1, is found as a glutamine in the sequence from *G. kilaueensis*. It is found as aspartate or glutamate in Group 1 sequences, but this ligand is absent in all Group 2 sequences, where it is found as alanine in the majority of the sequences, less commonly as serine, and in one exceptional case as glycine, none of which can fulfill the liganding role of E333. Indeed the E333A mutant has been constructed in *Synechocystis* 6803 and it is incapable of photoautotrophic growth and cannot assemble a Mn~4~CaO~5~ cluster ([@msv024-B12])*.*

Aspartate 342 (D342), a bidentate carboxylate ligand that bridges Mn1 and Mn2 in conventional D1, is an alanine in the atypical sequence from *G. kilaueensis*, in Group 1 sequences it is found mostly as asparagine, while in Group 2 there is a wide range of amino acids, mostly but not exclusively with nonpolar side chains (L, V, M) that cannot play a similar liganding role. In a few sequences N, S, or T is present. At least five mutants at this position have been constructed in *Synechocystis* 6803, all rendering the organism unable to grow photoautotrophically, with the exception of the conservative D342E mutation ([@msv024-B75]; [@msv024-B12]).

Alanine 344 (A344) is the C-terminal amino acid of processed D1 and the terminal carboxylate itself provides a bidentate ligand that bridges Mn2 and the Ca^2+^. A344 is found as a glutamine in the atypical sequence from *G. kilaueensis*. In Group 1 sequences a T, D, or K occupy the equivalent position. In Group 2 alanine is conserved in a number of sequences but also serine is common. It is worth mentioning, that for some Group 2 sequences this alanine is the last amino acid in the sequence. In standard D1, a C-terminal extension is cleaved at A344 as part of the assembly of the Photosystem II complex and this is required to allow full assembly of the Mn~4~CaO~5~ cluster ([@msv024-B76]). The protease responsible for this is specific for alanine, so the absence of alanine at this position, along with the wide range of variations in the normal conserved sequence prior to the alanine, may indicate that atypical D1 proteins are not processed or at least not processed in the same way. This could mean that the terminal bidentate ligand to the Mn cluster would be absent in most of the sequences. Lack of processing of D1 results in loss of water oxidation and there are some reports that suggest there is residual binding of one or two Mn ions ([@msv024-B63]; [@msv024-B89]).

Histidine 337 (H337) donates an H-bond to O3, at the corner of the cubane part of the cluster and is strictly conserved in every standard sequence and also in Group 2 sequences. It is absent in the sequence from *G. kilaueensis*, where an alanine is found instead. In Group 1, there is a tyrosine at this position in most of the sequences, but also glutamate and proline in two of them. The H337Y and H337E mutations have been studied before and rendered the organism unable to grow photoautotrophically. Only a small fraction of O~2~ evolution was detected in the H337E mutant ([@msv024-B12]).

### Differences around Channels

Key residues that could play a role in proton or water channels show variation in the earliest evolving D1 proteins. In the second coordination sphere on the Mn~4~CaO~5~ cluster, D61 is found within 4 Å of O4 and is conserved in every standard D1 sequence. It has been proposed based on mutagenesis studies that this residue modulates the redox state of the higher states of the water oxidation cycle ([@msv024-B82]), but in the light of the crystal structure ([@msv024-B113]) it has been suggested to be involved in substrate access to the cluster ([@msv024-B115]; [@msv024-B21]). It is conserved in the atypical sequence from *G. kilaueensis* and in Group 1 sequences. It is also conserved in some Group 2 sequences, but glutamate at this position is more common. The D61E mutant has been constructed before, and although it did not significantly alter the rate of O~2~ evolution, it destabilized the intermediates of photoactivation ([@msv024-B82]).

Glutamate 65 (E65) has been identified by computational studies as being directly involved in a hydrogen bonding network for the release of protons during the catalytic cycle ([@msv024-B43]; [@msv024-B71]; [@msv024-B58]). This position is an arginine in the atypical sequence from *G. kilaueensis* and in Group 1 sequence it is R, S, A, or V. On the other hand, E65 is conserved in all Group 2 sequences and in every standard D1. The mutant E65A studied in *Synechocystis* 6803 showed only 20% of the wild-type O~2~ evolution activity ([@msv024-B11]).

[@msv024-B113] noted a chain of H-bonded water molecules bridged by N298 and N322 leading from Y~Z~-H190 toward the lumen and proposed that it could be a proton exit path. This proposed path implied a mechanism for water oxidation that echoed the hydrogen atom transfer model of [@msv024-B39]. However, [@msv024-B58] argued against this proposal because the side-chain of asparagine is not ionizable, which is consistent with current views on the mechanism of water oxidation that suggests the proton shared by the Y~Z~-H190 couple is not translocated to the lumen, but hops between the two residues as Y~Z~ is oxidized and then rereduced. The positive charge that is retained on H190, near Y~Z~, modulates its potential making it positive enough to drive the oxidation of water. Consequently, removal of the proton would lead to a loss of this oxidation potential ([@msv024-B102]). For a recent review see [@msv024-B58]. In the atypical D1 from *G. kilaueensis*, N298 is found as glycine and N322 as lysine. In Group 1 sequences, N298 is found as glutamate or aspartate, and N322 as aspartate. On the other hand, these two positions are conserved in all Group 2 sequences and every standard D1. [@msv024-B51] recently showed that every mutation at position N298 severely impaired water oxidation, and only 7 out of 19 mutants could grow photoautotrophically, albeit at low light intensities. The N298G mutant showed less than 20% of the wild-type O~2~ evolution and the N298E or N298D mutant had no O~2~ evolution at all.

In Group 1 sequences the presence of ionizable groups, E298 or D298, in addition to D322, should allow the deprotonation of Y~Z~ and the migration of the positive charge to the lumen. In the sequence from *G. kilaueensis*, the small side chain of G298 could allow a water molecule to provide a H-bond to H190 and K322 is ionizable, so the deprotonation of Y~Z~ through this path is also possible. This suggests that Y~Z~ oxidation in the earlier versions of Photosystem II could have involved deprotonation via this pathway. This may be taken as evidence that at the evolutionary stage when Group 1 sequences first appeared, water oxidation may not have yet evolved, because the $Y_{Z}^{\bullet}$ radical was not oxidizing enough to support water oxidation (due to the evacuation of the proton). Alternatively, if at this evolutionary stage water oxidation was possible, it may have occurred by a mechanism involving hydrogen atom abstraction as suggested by [@msv024-B39]. If this is so, then at the evolutionary stage when Group 2 sequences appeared for the first time, the proton pathways have already started to take the current form, even in the absence of all ligands to the Mn~4~CaO~5~ cluster. Furthermore, this suggests that the apparent path noted by [@msv024-B113] could be a relic proton-path that was blocked as an adaptation to increase the oxidizing potential of Y~Z~.

Asparagine 335 (N335) was proposed by [@msv024-B58] to be involved in a different proton path. In this case N335 is not required to be deprotonated as it has a structural role in a tight network of hydrogen bonds that includes a few water molecules. Similar to the cases above, this position is a glycine in the atypical sequence from *G. kilaueensis* and it is found as P, H, Q in Group 1 sequences. It is, however, strictly conserved in Group 2 sequences and in standard D1. The mutant N335R was constructed by [@msv024-B58] and was severely impaired in photoautotrophic growth and O~2~ evolution.

Other residues have also been suggested to have roles in proton pathways in D1: for example, E329 ([@msv024-B96]) and R334 ([@msv024-B58]). E329 is an aspartate in the sequence from *G. kilaueensis*; lysine or histidine in Group 1 sequences; and it is found mostly as glutamine or arginine in Group 2. R334 is found as isoleucine in *G. kilaueensis*, it is conserved as arginine in Group 1 sequences, but it is found mostly as proline in Group 2, although V, L, M, and I are also found in a few sequences. The mutants E329Q, R334K, and R334N have been studied and shown impaired water oxidation reactions, although they did not completely abolished O~2~ evolution ([@msv024-B96]; [@msv024-B58]). This effect was interpreted as a disruption of the proton pathways.

It seems clear that proton or water channels in the atypical D1 sequence from *G. kilaueensis* and Group 1 sequences differ significantly from those in standard D1 forms. The key residues that define the paths in standard D1 start to appear for the first time in Group 2, but only reach their final form in Group 3 and Group 4 sequences.

### Differences at the Acceptor Side

In addition to the differences near the Mn~4~CaO~5~ cluster, which are described above and in [@msv024-B70], we observed functionally significant variation in the atypical D1 sequences around the acceptor side.

Glutamine or glutamate at position 130 (Q130 or E130) provides an H-bond with different strengths to Pheo~D1~ thereby modulating its potential. Q130 gives rise to a low potential Pheo~D1~ that is present in the dominant form of D1 expressed under the light intensities normally used to maintain laboratory cultures. Under high light, variants of D1 are expressed with E130 resulting in a higher potential Pheo~D1~ that confers additional photoprotection ([@msv024-B83]; [@msv024-B17]; [@msv024-B106]). All standard D1 proteins belonging to Group 3 and 4 contain one or the other of these options ([supplementary fig. S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv024/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv024/-/DC1) online). The atypical sequence from *G. kilaueensis* has a leucine at this position, thus the H-bond would be absent. In most Group 1 sequences, it is found as glutamate, nominally the high-light form. In most sequences in Group 2 the H-bond is absent due to substitution to L, F, or M; however, glutamine is found in a few sequences. The lack of an H-bond would be expected to give rise to a very low potential Pheo~D1~, as shown for mutants constructed in *Synechocystis* 6803 ([@msv024-B31]; [@msv024-B62]; [@msv024-B17]). The variation observed within these atypical D1 sequences implies that they probably have specialized to fulfill quite different roles.

There is significant variation in the stromal loop surrounding the nonheme Fe^2+^ in all atypical D1 forms. Variations occur in the 241-QEEE motif, which provides coordination to the bicarbonate (E244) and a negatively charged patch on the stromal surface of Photosystem II. In the earliest diverging D1 sequence from *G. kilaueensis* this stromal loop seems to be shorter than in any other D1. Moreover, in all Group 1 and in 30 out of 36 Group 2 sequences E244 is substituted by A, P, V, K, or M. This means that Photosystem II containing an atypical D1 may lack bicarbonate, or at least be modified in terms of bicarbonate function. It is noteworthy that anoxygenic Type II reaction centers do not bind bicarbonate. Instead, coordination to the nonheme iron is provided by a glutamate from the M subunit ([@msv024-B10]).

Serine 264 (S264) provides an H-bond to Q~B~ through the hydroxyl group ([figs. 3](#msv024-F3){ref-type="fig"} and [5](#msv024-F5){ref-type="fig"}). It is found as glycine in the ancient sequence from *G. kilaueensis*. In Group 1, this serine is conserved in seven out of eight sequences. In Group 2 sequences, this position is found as alanine or glycine. Both S264A and S264G mutations are found in naturally occurring herbicide-resistant strains in plants, and the phenotype shows slower rates of electron transfer from Q~A~ to Q~B~ due to a marked increase in the dissociation constant of Q~B~ ([@msv024-B16]; [@msv024-B81]). Many mutants have been constructed at this position already decades ago in a large variety of organisms with similar effects, reviewed by [@msv024-B78]. F[ig]{.smallcaps}. 5.A comparison of the acceptor side region of Photosystem II in (*a*) the D2 subunit from the crystal structure of *Thermosynechococcus vulcanus*, (*b*) a model of the atypical D1 from *Gloeobacter kilaueensis* JS-1, (*c*) a Group 1 and (*d*) a Group 2 D1 from *Chroococcidiopsis thermalis* PCC 7203, and (*e*) the D1 from the crystal structure of *T. vulcanus*.

Phenylalanine 265 (F265) provides an H-bond to Q~B~ through the backbone carbonyl. It is found as leucine in the sequence from *G. kilaueensis*. It is conserved in 7 out of 8 Group 1 sequences, and in 12 out of 36 Group 2 sequences, otherwise it is found as S, W, M, L, or V. In theory, any amino acid could provide an H-bond through the backbone carbonyl. Consequently, it is difficult to predict how these variations could alter the binding of Q~B~. To our knowledge no mutants at this position have been constructed yet.

Histidine 252 (H252) is thought to be involved in the protonation of Q~B~ ([@msv024-B16]; [@msv024-B42]; [@msv024-B81]; [@msv024-B92]). It is absent in the atypical sequence from *G. kilaueensis* where it is found as a tyrosine. It is also absent in Group 1 sequences where it is found as glutamine except in one case where it is an arginine. However, H252 is conserved in all Group 2 and all standard D1 from Group 3 and 4. Several mutants at this position have been constructed before to study the protonation mechanism of Q~B~, including H252Q and H252K, none of which could grow photoautotrophically and presented altered rates of electron transfer from Q~A~ to Q~B~ ([@msv024-B81]). Furthermore, there is a unique insertion in all Group 2 sequences at a position equivalent to G253. The exact amino acid inserted at this position varies and can be found as A, V, L, T, N, Y, or E. Changes to H-bonding networks, especially those directly associated with protonation reactions are expected to modify electron transfer ([@msv024-B16]; [@msv024-B42]; [@msv024-B92]). Again, a pattern appears where the earliest branching forms of D1, that from *G. kilaueensis* and Group 1 sequences, differ in key residues involved in protonation reactions. However, in Group 2 sequences, despite having modified donor and acceptor sides, these amino acids are more like in standard D1. If the current model for the mechanism of Q~B~ protonation is correct ([@msv024-B92]), the difference at this position in the early evolving atypical sequences might imply that protonation of Q~B~ occurs by a different mechanism.

In addition, the sequence alignment showed that the atypical sequence from *G. kilaueensis* and Group 1 sequences have a tryptophan at position 256 ([figs. 3](#msv024-F3){ref-type="fig"} and [5](#msv024-F5){ref-type="fig"}). This tryptophan is homologous to W253 strictly conserved in all D2 sequences and helps to keep Q~A~ fixed in position by π-stacking of the indole ring with the plastoquinone head group, but occurring in an offset-stacked manner ([@msv024-B59]; [@msv024-B36]; [@msv024-B37]; [@msv024-B52]). In all standard D1 and also Group 2 sequences, glycine is found at this position. Mutants constructed at D2-W253 have shown severe perturbations of Q~A~ function. The D2-W253L mutant has been constructed in *Synechocystis* 6803 and was unable to growth photoautotrophically ([@msv024-B117]). The mutant D2-W253F was shown to grow photoautotrophically but an increased yield of Q~A~^−^ recombination was observed ([@msv024-B116]). [@msv024-B90] proposed that an ancestral homodimeric Photosystem II could have a quinone binding site with mixed characteristics between Q~A~ and Q~B~. This finding is in agreement with that hypothesis and with the topology of the phylogenetic tree that places the atypical sequence from *G. kilaueensis* and Group 1 basally. It may be, thus, that these early branching sequences descended from an ancestral D1 that still retained some of those hybrid and ancestral functional traits.

At this stage it is very difficult to predict how the unique properties of the atypical sequences affect quinone reduction, but the mechanism should be different to that in standard D1. The differences seen around the Q~B~ site might be related to the binding of an alternative quinone. In fact, *G. violaceous* has been shown to use menaquinone as the secondary electron acceptor of Photosystem I ([@msv024-B66]) and something similar could be happening in Photosystem II, as both strains from the genus *Gloeobacter* lack several genes of conventional quinone synthesis pathways and might lack the capacity to synthetize plastoquinone-9 ([@msv024-B72]; [@msv024-B94]). It could also be that under conditions where the atypical sequences are or could be expressed (e.g., far-red light, anaerobic conditions) the redox potential of plastoquinone is not well-suited, and therefore a different quinone may be used. Alternatively, the differences in the atypical D1 sequences could result in unconventional electron exit pathways. For example, an electron transfer exit pathway from Q~A~ to a soluble electron acceptor was engineered by a single amino acid mutation on the stromal side of D1 ([@msv024-B53]) and by the addition of an exogenous electron acceptor in the presence of the herbicide (3-(3,4-dichlorophenyl)-1,1-dimethylurea) DCMU ([@msv024-B105]; [@msv024-B112]). An alternative electron transfer pathway from Q~B~ involving flavodiiron proteins has also been reported recently, but yet to be characterized in detail ([@msv024-B124]).

Finally, some exceptional amino acid substitutions that should drastically affect function are found in a few sequences. In the atypical sequence from *G. kilaueensis* both ligands to the nonheme Fe^2+^ (H215 and H272) are absent. H215 is found as aspartate and H272 as alanine ([fig 5](#msv024-F5){ref-type="fig"}). H215 is also lacking in Group 2 sequences from strains of *Crocosphaera watsonii*, in which it mutated to glutamine. Mutations to a ligand of the iron rendered the cyanobacterium unable to grow photoautotrophically and electron transport from Q~A~ to Q~B~ was completely inhibited ([@msv024-B118]). Therefore, in these cases, it is very unlikely that if the protein is incorporated into a Photosystem II complex, it could coordinate the nonheme Fe^2+^ or bind Q~B~. Similarly, H198, which coordinates P~D1~, is conserved in all D1 except in Group 2 sequences from *Synechococcus* JA-2-3B′a and JA-3-3Ab where it mutated to serine, and in the sequence from *Synechococcus* sp. PCC 7336 where it mutated to glutamine. It is worth noting that mutants of the P~D1~ chlorophyll ligand have also been constructed in *Synechocystis* 6803, namely H198A and H198K, and at least the latter mutant has been shown to grow photoautotrophically, albeit with modified energetics of charge separation ([@msv024-B31]; [@msv024-B62]; [@msv024-B17]). These are clearly secondary derived mutations and should not be considered ancestral as all Type II reaction centers must have originated from completely functional systems. In consequence, even if the atypical sequence from *G. kilaueensis* have accumulated derived mutations that could inactivate Photosystem II, and even if the protein is not use in Photosystem II at all today, it should have originated from a functional D1 protein predating the evolution of the standard forms.

D1 in Different Organisms of Interest
-------------------------------------

The genome of *T. elongatus* contains three D1 forms, PsbA1 (dominant D1), PsbA2 (microaerobic), and PsbA3 (high-light). The phylogenetic tree shows that both PsbA1 and PsbA3 belong to Group 4 sequences, while PsbA2 belongs to Group 3. It appears however that the change from Q130 to E130 (low potential to high potential Pheo~D1~) and also from E130 to Q130 have occurred multiple times during the evolution of cyanobacterial D1 proteins ([supplementary fig. S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv024/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv024/-/DC1) online). In fact, a glutamate or glutamine is also found in a homologous position in the L subunit of Type II reaction centers from photosynthetic proteobacteria, depending on the species ([@msv024-B65]). This implies that the modulation of the potential of pheophytin, by varying the strength of the H-bond, is a widespread adaptation strategy in all Type II reaction center containing organisms. In a recent article and using a smaller data set not including the atypical sequences, [@msv024-B119] suggested that a few amino acid positions correlated with the presence of either Q130 and E130; namely, positions 124, 151, 152, and 288. We find that these correlations are not strict, but some do apply for a subset of sequences. These positions have been described and discussed in [supplementary figure S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv024/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv024/-/DC1) online.

*Synechocystis* 6803 also contains three D1 forms. PsbA2 (*slr1311*) and PsbA3 (*sll1867*) are identical sequences, and these are the dominant form of D1 expressed under standard laboratory conditions; with PsbA2 making 90% of the transcript while PsbA3 is responsible for up to 10%. Both become overexpressed under high-light intensity. PsbA1 (*slr1181*) is considered to be the slightly more divergent form, expressed only under microaerobic conditions, and is designated as a D1′ ([@msv024-B108]; [@msv024-B69]; [@msv024-B101]). PsbA2 and PsbA3 belong to Group 4 and the microaerobic form belongs to Group 3.

The genome of *Gloeobacter violaceous* PCC 7421 has five copies of D1, three of which are identical proteins and annotated as PsbAI, PsbAII, and PsbAIII. PsbAI and PsbAII have been shown to be dominantly expressed under low-light conditions and under high-light an enhancement in expression of these three genes was measured ([@msv024-B100]). PsbAIV and PsbAV make the two other distinct D1 proteins and are slightly more divergent and thus presumed to be equivalent to D1′ ([@msv024-B100]; [@msv024-B69]). However, all five D1 sequences have the E130 version of Pheo~D1~ and all five of them belong to Group 4. Interestingly, these are the earliest branching sequences within Group 4. The genome of *G. kilaueensis* also contains the same five genes as *G. violaceious*, but it has an additional sixth *psbA* gene. This extra gene encodes the atypical D1 that we have discussed above.

Within the heterocystous cyanobacteria, *Nostoc* sp. PCC 7120 also has five *psbA* genes encoding three distinct D1 proteins. One form of D1 contains the low-light D1 variant (Q130), while the three identical copies of D1 contain the high-light form (E130). Both low-light and high-light forms belong to Group 4. The third form (PsbA0 or *alr3742*) is slightly more divergent, and it has been shown to be transcribed under microaerobic conditions, thus a D1′ ([@msv024-B101]). This D1′ belongs to Group 3. *Anabaena variabilis*, a similar heterocystous cyanobacterium to *Nostoc* 7120 also has equivalent *psbA* genes; however, it has an additional sixth gene encoding a Group 2 D1 protein. This atypical D1 was shown to be expressed under heterotrophic conditions in the dark ([@msv024-B80]). Another heterocystous cyanobacterium, *Calothrix* sp. PCC 7507 also has a similar set of genes as *A. variabilis*, but instead of having a Group 2 sequence it has a Group 1. *Fischerella* sp. JSC-11, a true-branching heterocystous cyanobacterium, has six *psbA* genes including both a Group 1 and a Group 2 sequence. In fact, six out of the eight organisms containing a Group 1 sequence in our data set, also have a Group 2 sequence.

Most photosynthetic eukaryotes on the other hand have a single *psbA* gene in the chloroplast genome, with a few exceptions ([@msv024-B25]; [@msv024-B57]). To explore the evolutionary position of D1 found in photosynthetic eukaryotes, 20 representative D1 sequences were included in the analysis from diverse groups (see [fig. 1](#msv024-F1){ref-type="fig"} and [supplementary fig. S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv024/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv024/-/DC1) online). These include sequences from plants, green and red algae, glaucophytes, cryptophytes, stramenopiles, alveolates, euglenids, haptophytes, and a sequence from the chromatophore of the amoeboid *Paulinella chromatophora* known to have acquired its "plastid" in an independent primary endosymbiotic event ([@msv024-B61])*.* All eukaryotic sequences, with the exception of that from *P. chromatophora*, grouped as a monophyletic clade branching early within Group 4, after the divergence of Group 4 sequences from both species of *Gloeobacter*, and together with the sequence of the early diverging species *Synechococcus* sp. JA-2-3B′a, JA-3-3Ab, and PCC 7336 ([@msv024-B111]; [@msv024-B99]; see [fig. 1](#msv024-F1){ref-type="fig"} and [supplementary fig. S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv024/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv024/-/DC1) online). There is very little variation among eukaryote D1: for example, the D1 from the red algae *Cyanidioschyzon merolae* shares 88% sequence identity with the D1 present in *Arabidopsis thaliana* and 87% identity with that in *Synechococcus* sp. JA-2-3B′a*.* In other words, the D1 found in photosynthetic eukaryotes has hardly changed since the primary endosymbiotic event. This is in agreement with the monophyly of the primary photosynthetic eukaryotes ([@msv024-B88]) and suggests that the D1 retained in the plastid genomes is more similar to that of Group 4 from early branching unicellular cyanobacteria. The origin and evolution of plastids have been reviewed at length before, see, for example, [@msv024-B32]. Our phylogenetic tree for D1 suggests that the cyanobacterium that became the primary endosymbiont first branched after the last common ancestor of the phylum Cyanobacteria, but before the major cyanobacterial radiation ([@msv024-B111]; [@msv024-B88]; [@msv024-B15]; [@msv024-B99]). This contrasts, however, with the recent proposal that the plastid ancestor might have been more closely related to heterocystous cyanobacteria ([@msv024-B22]; [@msv024-B18]; [@msv024-B77]). On the other hand, the D1 sequence in *P. chormatophora* grouped together with that of *Synechococcus* sp. WH 5701 and *Cyanobium gracile* PCC 6307 (see [supplementary fig. S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv024/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv024/-/DC1) online), in a major clade of Group 4 sequences that included most strains of *Synechococcus* and *Prochlorococcus*, consistent with previous work ([@msv024-B61]; [@msv024-B122]).

Discussion
==========

Evolution of the D1 Proteins of Photosystem II
----------------------------------------------

The phylogenetic analysis presented here suggests that the last common cyanobacterial ancestor (LCCA) contained several forms of D1, the products of gene duplications of an ancestral *psbA* gene, and each of these could give rise to Photosystem II adapted to specific conditions. The data suggests that the LCCA must have had a fully functional Photosystem II containing a Group 4 D1 sequence. It was therefore capable of reducing quinone and oxidizing water using an exchangeable Q~B~ site and a standard oxygen evolving complex, very similar to those present in conventional Photosystem II existing today. This is because every cyanobacterium known carries in its genome, at the very least, one copy of a Group 4 D1. The only exception is the secondary loss of Photosystem II by UCYN-A. This implies that the Group 1 to Group 3 sequences, and including the atypical sequence from *G. kilaueensis*, had to have originated by gene duplications before the LCCA. It is impossible to determine how many times the ancestral D1 protein duplicated before the LCCA, but the data speak of at least five events of gene duplications prior to the appearance of Group 4 sequences. Perhaps one of the most important results derived from the present analysis is that there are many D1 sequences that might have originated before the evolution of water oxidation as we know it, in an organism that preceded the LCCA. Moreover, the branching pattern of the D1 evolutionary tree reveals a sequence of events that allows the reconstruction of some of the steps from anoxygenic photosynthesis to a water oxidizing Photosystem II like that known today.

The earliest events in the origin of photosynthesis are the evolution of (bacterio)chlorophyll synthesis and the appearance of the first reaction center protein that could be assembled into a photochemical reaction center ([@msv024-B85]; [@msv024-B7]). A gene duplication of this primordial reaction center protein led to the divergence of Type I and Type II reaction centers in their homodimeric forms ([@msv024-B9]). A second gene duplication allowed the ancestral Type II reaction center protein to diverge into two types; one is ancestral to the L and M subunits found in phototrophic bacteria of the phyla Proteobacteria and Chloroflexi, the other was ancestral to D1 and D2 in a bacterial lineage that would lead to the Cyanobacteria. A third gene duplication eventually led to the divergence of D1 from D2. The ancestral gene encoding a primitive D1 duplicated several times, with each duplication event allowing for the acquisition of further complexity, until the evolution of water oxidation ([@msv024-B5]; [@msv024-B73]; [@msv024-B90]; [@msv024-B40]).

When comparing the D1 proteins in the early evolving sequences, it is sometimes difficult to determine which characteristics are ancestral and which are derived secondary mutations. However, because the L and M subunits of anoxygenic Type II reaction centers share a significant level of homology with D1 and D2, it is possible to pick out with confidence some of the traits that must have been ancestral. It appears, therefore, that the anoxygenic forms of D1 and D2 might have been primed for the binding of metals, even before D1 and D2 diverged into two different proteins; in other words, in the most primordial homodimeric Photosystem II ancestral complex. This is because it is quite likely that in the ancestral Type II reaction center there was a glutamate at position 170, the high-affinity Mn binding site in oxygenic Photosystem II. There is a glutamate at the homologous position in the M subunit found in the reaction centers from the Proteobacteria and Chloroflexi (see [fig. 6](#msv024-F6){ref-type="fig"}), with the sequence from *Roseiflexus* spp*.* as the exception. There is also a glutamate present in the L subunit of the Chloroflexi, again with the exception of *Roseiflexus* spp. Glutamate is also present in a sequence in Group 1 and in most Group 2 sequences. This suggests that the presence of glutamate at position 170 precedes the appearance of the Y~Z~-H190 couple in D1 and its homologous Y~D~-H189 in D2. In the L and M subunit there is not an equivalent tyrosine; in contrast, there is a strictly conserved arginine at this position with only just a couple of exceptions. So, while E170 originated in the primordial Type II reaction center, the oxidizable tyrosine-histidine pair evolved in the ancestral homodimeric Photosystem II, before LCCA and before the evolution of water oxidation. When the oxidation potential of P^•+^ became high enough to oxidize tyrosine, a metal near the vicinity of the newly formed tyrosyl radical could become oxidized and stabilized by the carboxylic group of the glutamate residue already present in the reaction center. Because the redox active tyrosine and its hydrogen bonding partner histidine are strictly conserved in every D1 and D2 sequence, this event must have happened in the homodimeric reaction centre ([@msv024-B91]; [@msv024-B90]). The key question is, what selective pressures were driving the potential of P^•+^ to become more oxidizing? This is open for debate, but one possibility could be the depletion of electron donors that were more redox accessible in the local environment ([@msv024-B90]). F[ig]{.smallcaps}. 6.Comparison of the donor side of the M subunit from *Blastochloris viridis* (PDB ID: 2PRC) with that of D1 and D2. (*a*) The M subunit from *B. viridis* is shown; E171 and H162 sit at a homologous position to (*b*) D170 and H190 of the D1 subunit and (*c*) F169 and H189 of the D2 subunit. Note that in the D2 subunit four phenylalanines are blocking the site where the Mn~4~CaO~5~ cluster is located in D1.

There are four phenylalanines in the D2 protein filling the cavity where the Mn~4~CaO~5~ cluster is located in the D1 protein ([fig. 6](#msv024-F6){ref-type="fig"}). Two of these phenylalanines, F169 and F188, are in homologous positions to two of the direct ligands to the tetramanganese complex in D1, D170, and E189, respectively. It appears that these changes occurred specifically in the D2 protein to isolate the Y~D~-H189 couple and to fill up the space occupied by the catalytic cluster on the D1 side and thus to hinder the binding of metals on the D2 side. For this reason, it seems likely that during the early stages of Photosystem II evolution, metal clusters of some sort might have been coordinated in both sides of the complex in a symmetrical fashion, as suggested previously ([@msv024-B91]; [@msv024-B90]). These early clusters in the homodimeric Photosystem II were coordinated by at least, E170 and E189. Then, the cluster in the D2 side was lost as the complex became more asymmetrical (see [@msv024-B90] for a discussion of potential selection pressures for this), but the Y~D~-H189 couple remained. It is possible that some of the sequences in Group 1 or Group 2 may still be able to assemble metal clusters that resemble those that preceded water oxidation.

From this point, the reaction center evolved toward the retention of Mn atoms at the donor side and the accumulation of positive charges in the initial cluster. This should have driven the evolution of the ligands which are located at the C-terminus of D1. In fact, it was recently shown that this terminal extension might have already been present in the most ancestral Type II reaction center protein, but had a different function in the most ancestral phototrophic bacteria ([@msv024-B9]). In the atypical sequence from *G. kilaueensis,* none of the ligands at the C-terminus is present, and taking into account the resemblance to D2 and its overall ancestral traits, it can be concluded that by the time this sequence diverged these ligands had not yet evolved. In Group 1 and Group 2 we see the appearance of some of the ligands at the C-terminus, but the full set of ligands is only found in Group 3 and Group 4. Yet, for water oxidation to occur in Photosystem II protonation reactions are also essential both at the donor and acceptor side. The exact mechanisms of proton transfer are not yet fully understood, although great progress has been made since crystal structures became available ([@msv024-B43]; [@msv024-B71]; [@msv024-B113]; [@msv024-B58]; [@msv024-B92]). The data here showed that in the most ancestral forms of D1, not only the full set of ligands to the Mn~4~CaO~5~ cluster is incomplete, but the key residues important in the strict control of proton movement had not yet evolved. These start to appear for the first time in Group 2 sequences even though not all the ligands to the standard Mn~4~CaO~5~ cluster had appeared. In consequence, it seems that the proper protonation pathways and proton control around Y~Z~ had to evolve before efficient water oxidation.

The transitional forms of Photosystem II that may have preceded the origin of water oxidation have been lost in all photosynthetic eukaryotes and some species of cyanobacteria: however, there is still a large number of species that retain ancestral forms of D1, such as those in Group 1 and Group 2. Some of these forms of D1 may still be incorporated into a photochemical reaction center and carry out functions that resemble those that existed before efficient oxygenic photosynthesis evolved. What were those ancestral functions of a Photosystem II before water splitting? The earliest reaction center probably performed the light-driven one-electron oxidation of Mn^2+^ to Mn^3+^. If Mn^3+^ became trapped in the photosystem by binding to the carboxylate side chain of E170 and/or E189, a second oxidation to Mn^4+^ could have been possible. In fact, it was recently suggested based in geochemical evidence, the existence of a photosystem capable of oxidizing manganese, but without O~2~ evolution ([@msv024-B45]). In addition, during photoactivation of Photosystem II in a D170E mutant, Mn^2+^ is oxidized and stabilized as Mn^4+^ ([@msv024-B8]). It is possible that the ancestral D1 protein that gave rise to the atypical D1 form from *G. kilaueensis* and Group 1 sequences could have supported this type of chemistry.

A more sophisticated, but still primitive, Photosystem II could have catalyzed two-electron chemistry. A popular hypothesis is the oxidation of hydrogen peroxide in a manner similar to catalase ([@msv024-B4]; [@msv024-B91]; [@msv024-B6]). Alternatively, the oxidation of water to hydrogen peroxide is also plausible and it has been observed in Cl^−^-depleted and Ca^2+^-depleted Photosystem II ([@msv024-B27]; [@msv024-B38]; [@msv024-B47]; [@msv024-B2]). It is likely that the ancestral D1 protein that gave rise to Group 2 sequences could have supported this type of chemistry, now involving proton movement at the donor side. Nevertheless, it is possible that early transitional forms were capable of some inefficient water oxidation, even with a mononuclear manganese cluster, and even perhaps in the ancestral homodimeric Photosystem II. In a recent paper, it was shown that a synthetic organometallic compound containing only one Mn atom could perform catalase activity, but with just slight modification of the ligand sphere it could oxidase water ([@msv024-B56]).

Photosystem II Containing Atypical D1 Forms in Extant Cyanobacteria
-------------------------------------------------------------------

Questions arise concerning the functional and mechanistic properties of Photosystem II containing an atypical D1 form in cyanobacteria today. The atypical sequence from *G. kilaueensis* is the most different of all D1 sequences. It is characterized by lacking both ligands to the nonheme Fe^2+^. It should also produce a very low potential pheophytin (L130). In addition, it lacks all ligands to the Mn~4~CaO~5~ cluster with the exception of E189. On the other hand, it has a conserved Y~Z~-H190 couple and a ligand to P~D1~. If it is incorporated into a Photosystem II complex, this should be neither active in water splitting nor quinone reduction. Today no experimental studies exists that could provide any information about the possible function of this protein and whether it is incorporated into a reaction center or not.

In Group 1 sequences we also observe significant changes around the Q~B~ site, yet they are likely to still be able to bind a quinone although with altered properties particularly for the protonation reactions (no H252 and altered or no bicarbonate binding). They have the high potential form of pheophytin (E130) and lack the ligands needed for assembling the Mn~4~CaO~5~ cluster. Last, these sequences appear to lack conventional proton exit pathways. However, this does not rule out completely the possibility that a cluster of some sort could be assembled as there are still several amino acids in the vicinity that could provide ligands.

[@msv024-B29] recently showed that some cyanobacteria contain a cluster of approximately 21 genes encoding alternative copies of many reaction center proteins, including additional D1, D2, CP43, and CP47 subunits of Photosystem II, and also variant forms of PsaA and PsaB reaction center proteins of Photosystem I, among other subunits. They demonstrated that under prolonged far-red light exposure, an acclimation response was activated that led to the enhanced expression of this gene cluster, the remodeling of both photosystems and the phycobilisome, and the synthesis of chlorophylls *d* and *f*. This gene cluster contains two *psbA* genes, one encoding an atypical D1 from Group 1 and the second encoding a standard D1 from Group 4. This suggests that a Photosystem II carrying a Group 1 D1, containing chlorophylls *d* and *f*, might be adapted to function under far-red light. [@msv024-B29] showed that the far-red acclimated cells were able to perform water oxidation efficiently, but did not show whether this activity originated from a Photosystem II with a Group 1 D1. Given the properties of the Group 1 D1 it would be surprising if it contributed to efficient water oxidation. Further experimental characterization of the Photosystem II acclimated to far-red light is required to verify the function of Group 1 D1 proteins.

Group 2 sequences show a Q~B~ site that resembles those of herbicide resistant mutants. This could result in weakly bound semiquinone, which in turn could oxidize the nonheme Fe^2+^ more readily ([@msv024-B126]). In addition, as is the case for all atypical D1, Group 2 sequences do not appear to be able to coordinate bicarbonate in the same way as standard D1. Depletion or exchange of bicarbonate is known to slow down the rates of electron transfer from Q~A~ to Q~B~ and quinol/quinone exchange ([@msv024-B87]; [@msv024-B95]; [@msv024-B67]; [@msv024-B97]). Added to this, Group 2 sequences should produce a low or very low potential pheophytin (Q130, L130, or M130). A Photosystem II with the Q130L mutation has been shown to have a diminished yield of charge separation ([@msv024-B31]) and increased production of singlet oxygen ([@msv024-B114]), which could suggest that this D1 is used under anaerobic conditions or under very low oxygen concentrations. At the donor side, Group 2 sequences contain either D170 or E170, so the oxidation and binding of Mn^2+^ ions at the site might occur ([@msv024-B20]), even perhaps some inefficient water oxidation.

Some experimental evidence has been provided from transcriptomics about the possible role of Group 2 D1. In at least four different species containing a gene encoding a Group 2 D1, it was shown that the gene expression was enhanced in the dark ([@msv024-B110]; [@msv024-B98]; [@msv024-B125]; [@msv024-B80]; [@msv024-B121]). In unicellular diazotrophic cyanobacteria it was shown that the maximum transcription of the gene correlated with the time when nitrogenase genes were being expressed and translated ([@msv024-B110]; [@msv024-B98]; [@msv024-B125]; [@msv024-B121]). In *Cyanothece* sp. ATCC 51142, the transcript abundance increased from less than 0.5% of all *psbA* genes up to 10% ([@msv024-B110]). In a recent article, the Group 2 D1 sequence from *Cyanothece* 51142 was expressed in a *Synechocystis* 6803 mutant lacking all *psbA* genes ([@msv024-B121]). [@msv024-B121] showed that *Synechosystis* 6803 could assemble a Photosystem II using the Group 2 D1 from *Cyanothece* 51142. They showed that the mutant with the Group 2 D1 could not grow photoautotrophically and had low oxygen evolution activity. [@msv024-B121] suggested that a Photosystem II containing a Group 2 D1 during the night could protect nitrogenase from oxygen production driven by moonlight and starlight. In the case of *A. variabilis*, the expression was enhanced after exposure to darkness in the presence of sucrose, and the gene expression was detected in both vegetative cells and heterocysts ([@msv024-B80]), suggesting that the expression of the gene is not correlated to N~2~ fixation per se, because vegetative cells do not contain nitrogenase. Thus, the role of Group 2 D1 bearing Photosystem II might be correlated with the metabolic state of the cells after prolonged darkness and may be useful with the onset of light after a long dark time, rather than for maintaining an anaerobic environment within the cell. In a fifth strain, a nondiazotrophic cyanobacterium, *Acaryochloris marina*, the expression of the gene was triggered by incubation with an inhibitor of the Cytochrome *b*~6~*f* complex under illumination ([@msv024-B46]). The transcript abundance increased from 1% up to 50% of the total pool of transcripts for all *psbA* genes. In *A. marina*, the addition of DBMIB could have replicated a state of prolonged dark adaptation or could indicate that Group 2 sequences may be activated under a wider spectrum of conditions. It is not known at this moment if the gene encoding a Group 2 D1 in this strain is expressed during darkness.

In conclusion, we have investigated in detail the evolution and diversification of the D1 reaction center protein of Photosystem II in cyanobacteria. We showed that within the known diversity of cyanobacteria there are at least four major groups of D1 proteins, reflecting several ancestral duplications of the reaction center gene before their last common ancestor. The phylogenetic position of these diverse groups of sequences appears to reflect evolutionary transitions from an ancestral anoxygenic Type II reaction center to the origin of water oxidation. We suggested that the ancestral homodimeric Type II reaction center might have been capable of binding of metals. Thus some form of light-driven metal-based oxidative catalysis could have occurred early during the evolution of photosynthesis, after just a few changes to the amino acid sequence in a homodimeric Type II reaction center. A rudimentary version of water oxidation could have occurred well before the evolution of current sophisticated version of the enzyme. At this moment it is difficult to predict what is the function of the atypical versions of D1 and what sorts of advantages, if any, they confer to the organism. Purification and characterization of Photosystem II in which these ancestral D1 forms are present should not only prove useful in deciphering their roles, but also provide more insights on how oxygenic photosynthesis evolved.

Materials and Methods
=====================

All nonredundant PsbA (D1) and PsbD (D2) amino acid sequences were retrieved on January 2, 2014 using Position-Specific Iterated (PSI)-BLAST. To retrieve D1 and D2 subunits deposited in the RefSeq database, the D1 (accession number: YP_001864696, NpunF1022) protein from *Nostoc punctiforme* PCC 73102 was used as a search query. The search was restricted to the phylum Cyanobacteria, excluding environmental samples. Partial sequences were removed from the data set. In total, 490 sequences were retrieved, 360 D1 and 130 D2 subunits. 20 D1 sequences representing the diversity of photosynthetic eukaryotes were added to the data set. All the sequences used in this study are available in [supplementary text S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv024/-/DC1) ([Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv024/-/DC1) online).

Sequences were aligned using the Clustal Omega algorithm, with a maximum of 10^4^ guide tree iterations and 10^7^ Hidden Markov Model iterations ([@msv024-B103]). All alignments are available on request. To confirm that the alignment was correct, the 3D structures of the D1 and D2 proteins (PDB ID: 3WU2) were overlapped using the CEalign ([@msv024-B44]) plug-in for PyMOL (Molecular Graphics System, Version 1.5.0.4 Schrödinger, LLC) and structural homologous positions were cross-checked with the alignment. Maximum likelihood phylogenies were constructed using PhyML 3.1 ([@msv024-B34]). Phylogenies were constructed using the LG model of amino acid substitution. The equilibrium frequencies and the proportion of invariant sites were set to be estimated by the software. Four gamma rate categories were used with the gamma shape parameter left to be calculated by the program. The nearest neighbor interchange method was used for tree improvement. Branch support was calculated with the approximate likelihood ratio test option ([@msv024-B1]). Branch support of 0.7 (70%) was considered to be informative. Trees were plotted using Dendroscope 3.2.8 ([@msv024-B41]).

Parsimony, distance, and Bayesian analyses were performed in a subset of sequences and the trees are shown in the [supplementary information](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv024/-/DC1) ([supplementary fig. S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv024/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv024/-/DC1) online). Parsimony was calculated by randomizing the sequences ten times and with 1,000 bootstrap replicates. BioNJ was computed with 10^5^ bootstrap replicates and with an observed distribution. Both Parsimony and BioNJ trees were done with Seaview 4.4.3 ([@msv024-B33]). Bayesian analysis was performed with Phylobayes 3.3 ([@msv024-B55]) using the CAT mixture model to account for compositional heterogeneity across sites and applying relative exchange rates and four gamma rate categories (CAT + GTR + Γ). Four independent chains were run until convergence (26,000 cycles, maxdiff of 0.089). The first 5,200 trees were discarded as "burn-in," and the remaining trees from each chain were used to test for convergence and compute the majority rule consensus tree.

Structural homology models were generated using the SWISS-MODEL online service (<http://swissmodel.expasy.org/>, last accessed February 18, 2015; [@msv024-B3]). To produce models for the atypical D1 forms, we selected the atypical sequence from *G.kilaueensis* JS-1 (WP_023174186.1), the Group 1 and Group 2 D1 sequences from *Croococcidiopsis thermalis* PCC 7203 (WP_015153111.1 and WP_015152761.1, respectively) and *Synechococcus* sp. PCC 7335 (WP_006456314.1 and WP_006458236.1). These were modeled to the D1 subunit from the crystal structure of Photosystem II from *T.vulcanus* at 1.9 Å ([@msv024-B113]). The amino acid numbering in the crystal structures were used throughout the text for clarity. Molecular models were visualized using PyMOL.

Supplementary Material
======================

[Supplementary figures S1--S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv024/-/DC1) and [text S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv024/-/DC1) are available at *Molecular Biology and Evolution* online (<http://www.mbe.oxfordjournals.org/>).
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